The present study aimed to investigate the effects of oxidation on physicochemical properties of Sheldrake meat and secondary structure of myofibrillar proteins. Sheldrake breast meat was treated with hydroxyl radical generating systems containing different hydrogen peroxide (H 2 O 2 ) concentrations. Upon oxidation, the water-holding capacity of Sheldrake meat decreased while toughness increased. Myofibrillar proteins were extracted from the non-oxidized and oxidized meat and heat-treated to form myofibrillar protein gels. It was found that 2-thiobarbituric acid (TBARS), protein carbonyl content, and disulfide bond values increased with H 2 O 2 concentration. Raman spectroscopy analysis of the myofibrillar protein gels showed that oxidation led to protein unfolding, decreased α-helix structure, and increased β-sheets, β-turns, and random coils structures. Changes in the secondary structures of proteins affected the water-holding capacity and textural properties of myofibrillar protein gels. Water-holding capacity of the myofibrillar protein gels decreased with H 2 O 2 concentration. Oxidized myofibrillar protein gels showed reduced hardness, springiness, and cohesiveness.
Introduction
Sheldrake meat is famous for its delicate taste and texture. It has about 16-25% protein content which is much higher than that of chicken and lamb. [1] Muscle proteins are susceptible to oxidations caused by different initiators including oxidizing lipids, metal ions, and other pro-oxidants generated during meat processing, handling, and storage. [2] Protein oxidation leads to alteration in protein structure and formation of amino acid derivatives and polymers which subsequently changes the functional properties of protein (hydration, solubility, and digestibility). Protein oxidation also affects the organoleptic and nutritional properties of meat products. [3] For example, sensory properties of dry-cured hams were compromised by high hydrostatic pressure (HHP)-induced oxidation. [4] Furthermore, protein oxidation in meat systems has also been related to color and texture deterioration. [5] Mild oxidation caused by hydroxyl radical generating system (HRGS) was found to promote protein network formation and enhance gelation of myofibrillar protein (MP) involving disulfide linkages. [6] Protein oxidation can be assessed through manifestation of chemical changes such as loss of sulfhydryl groups and tryptophan fluorescence, gain of carbonyl derivatives, and formation of intraand intermolecular cross-linkings. [7] It is not possible to obtain the structural information of proteins through chemical methods. Raman spectroscopy has become a popular technique which provides structural information on the secondary and tertiary structures of proteins. It is a convenient method with high degree of sensitivity and accuracy. [8, 9] Present study aimed to investigate the effects of protein oxidation on Sheldrake meat quality and structural and functional properties of extracted MP gels. Sheldrake breast muscle was treated with different HRGS. The effects of protein oxidation on color, textural properties, water-holding capacity (WHC), and 2-thiobarbituric acid (TBARS) value of Sheldrake meat were studied. To better understand the changes of protein structure during oxidation, MP was extracted from Sheldrake meat and heat-treated to form MP gels. MP gels were evaluated in terms of the secondary structures of proteins using Raman spectroscopy technique. The extracted MP was also investigated in terms of chemical properties (protein carbonyls and total sulfhydryl contents), surface hydrophobicity, textural properties, and WHC of MP gels.
Materials and methods
In order to investigate the effects of oxidation on Sheldrake meat properties and structure of MPs, two separate studies were performed: Study 1: The effect of different oxidation on Sheldrake meat properties. Study 2: The effects of oxidation on the indicator of MPs oxidation, the properties of gels, and MPs structure. For this purpose, Raman spectroscopy was performed.
Study 1

Samples
Fresh Sheldrake breast muscle meat (aged 360 days) was purchased from Jiangnan Poultry Breeding Co. Ltd. (Zhejiang, China). The meat was trimmed of fat and connective tissue prior to the experiment. Sheldrake breast muscles were cut in parallelepipeds (5 cm × 5 cm × 1 cm) and immersed in HRGS (0.1 mM ascorbic acid, 0.01 mM FeCl 3 , 0.1 M NaCl, 15 mM PIPES buffer (pH 6.2)) with different H 2 O 2 concentrations (5, 10, 15, 20, 25 , and 30 mM H 2 O 2 ). Oxidation process was conducted at 4°C for 20 min and terminated with addition of 1 mM ethylene diamine tetraacetic acid (EDTA). In the control, muscle blocks were placed in buffer solution (0.1 M NaCl, 15 mM PIPES buffer (pH 6.2)).
Chemical composition
The official methods numbered 950.46, 960.39, and 992.15 of the Association of Official Analytical Chemists [10] were used for the determination of moisture, fat, and protein contents of fresh Sheldrake breast muscle meat, respectively.
Color
A portable colorimeter (CR-400, Konica Minolta Investment Ltd., Japan) was used to estimate meat color including lightness (L*), redness (a*), and yellowness (b*). The measured illuminants and the diameter of the instrument were D65 and 8 mm, respectively.
Water-holding capacity (WHC) WHC was measured according to a previously described method. [11] WHC was calculated as a percentage of weight loss before and after compression of meat, and expressed as:
WHCð%Þ ¼ Initial meat weight À Meat weight after compression Initial meat weight Â 100%
Shear force
Oxidized meat samples (1 cm × 1 cm × 1 cm) were trimmed along the muscle fiber direction. Muscle tenderness meter (C-LMB digital display type, Northeast Agricultural University, China) was used to record the shear force value along the vertical shear of muscle fiber. Each measurement was calculated as an average of five measurements.
Lipid oxidation
TBARS assay was carried out according to a previously described method. [12] Ground meat sample (2.0 g) was homogenized with 200 µL butyl hydroxyanisole (BHA, 7.2%, w/v 98% ethanol) and 7 mL trichloroacetic acid (TCA, 5%) for 30 s in an ice bath. The solution was then filtered using gauze of 100 mesh. The obtained filtrate was washed with 1 mL of distilled water and diluted to 10 mL. Five millilitres of the filtrate was mixed with 0.2 M TBA (5.00 mL), heated at 80°C for 60 min, and cooled using running water. Absorbance was measured at 532 nm using a spectrophotometer (M200, Multiscan Spectrum, Tecan, America) against a distilled water blank.
Study 2
Extraction of myofibrillar protein (MP) MP was extracted according to a previously described method. [13] The purified MP samples were stored at 4°C and used within 48 h of preparation.
Protein carbonylation, sulfhydryl group, surface hydrophobicity assay Protein carbonyls were determined according to a previously described method. [14] Myofibril protein was dispersed in deionized water and stirred using magnetic stirrer in ice bath for 2 h. The mixture was centrifuged, and protein concentration of the resulting supernatant was determined by BCA Protein Assay Kit. Absorbance of the protein solution was measured at 367 nm using spectrophotometer. The concentration of 2,4-dinitrophenylhydrazine (DNPH)-derivatized proteins was determined by the molar extinction coefficient of 22,000 M -1 cm -1 . Sulfhydryl groups (SH) of MP were determined using a previously described method with slight modifications. [15] MP solution (1 mL) was mixed with 50 µL thioglycol and 4 mL phosphate buffer (0.1 M Na 2 HPO 4 /NaH 2 PO 4 , 8 M urea, 5 M guanidine hydrochloride, pH 8.0). The mixture was kept in a water bath at 25°C for 25 min. Following that, 10 mL of TCA (12 %) was added to the mixture. The reaction solution was incubated in a water bath at 25°C for 1 h and then centrifuged at 3000g for 10 min. The obtained pellets were dissolved in 10 mL of phosphate buffer (0.1 M Na 2 HPO 4 /NaH 2 PO 4 , l M EDTA, 1% SDS, pH 8.0) and 0.08 mL of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB). After incubation at 25°C for 30 min, absorbance was measured at 412 nm to calculate the total SH groups using a molar extinction coefficient of 13,600 M -1 cm -1 .
Surface hydrophobicity of MP was determined according to a previously described method.- [16] BPB (40 µL; 1 mg/mL, in PBS, pH 7.0) was added to 1 mL of MP suspension (10 mg/mL, in 15 mM Tris-HCl). Samples were then centrifuged for 20 min at 4°C. Absorbance of the MP supernatant (diluted 1/10) was measured at 595 nm against a blank Tris-HCl without MP.
Preparation of myofibrillar gel (MP gels)
Five milliliters of MP solutions (40 mg/mL) were suspended in phosphate buffer (0.6 mol/L NaCl) and placed in a glass bottle (25 mm × 25 mm). The solutions were heated at a rate of 0.5°C/min from 25 to 70°C and kept at 70°C for 30 min. Following that, the solutions were cooled for 30 min in an ice bath and kept overnight at 4°C before further analysis.
WHC and textural properties of the MP gels MP gels (2 g) were centrifuged at 10,000g for 20 min at 4°C. [17] WHC (%) was expressed as the ratio of gel weight after centrifugation to the initial weight.
Instrumental texture profile analysis (TPA) of MP gels was carried out according to Dondero et al. [18] using a texture analyzer (Model TA-XT2, Stable Micro Systems Ltd., UK). MP gels were subjected to a compression test using a cylindrical probe (P/5) at a trigger type button with a 1.0 mm/s pretest speed, a l.0 mm/s test speed, a l.0 mm/s post-test speed, a 3 mm distance, and a 5 g trigger force. TPA parameters including springiness, hardness, and cohesiveness were determined.
Raman spectroscopy analysis
Protein secondary structures were determined using a Via-Reflex spectrometer with an excitation at 532 nm at room temperature (Horiba Jobin-Yvon, France). Samples were placed on microscope slides and laser was then focused on the samples. Raman spectra of at least three different positions were collected from 500 to 2100 cm -1. [19] Figure S1 shows the Raman spectra of the non-oxidized and oxidized MP gels in the 600-1800 cm −1 region. Spectral data from the scanning were baseline corrected and normalized according to the protein phenylalanine peak at 1003 cm -1. [20] Protein secondary structures were calculated by integration of the corresponding fitted band. Baseline correction, normalization, derivation, curve fitting, and area calculation were carried out by means of PeakFit, version 4.12, software.
Statistical analysis
Significance of the data was determined through analysis of variance (ANOVA) using SPSS 16.0. Differences between means were compared by using SPSS at a significance level of 0.05.
Results and discussion
Study 1
Chemical composition Sample compositions are consistent with meat batter formulations. The composition (%) of the control meat was: protein 20.88 ± 1.12, moisture 77.32 ± 1.64, and crude fat 2.13 ± 0.62.
Color
Color of meat products depends on the concentration and type of myoglobin and hemoglobin. [21] Table 1 shows L*, a*, and b* values of Sheldrake breast meat following oxidation with different levels of HRGS. Significant decrease (p < 0.05) in L* value can be observed with the increase in hydrogen peroxide content of the HRGS. Myoglobin is characterized by a purplish-red or purplish-pink color. In the presence of oxygen, myoglobin (Mb) forms oxymyoglobin (MbO 2 ) which is bright cherry-red in color. Decrease in L* value of Sheldrake meat following oxidation might be due to endogenous removal of oxygen to achieve low-oxygen partial pressures (oxygen consumption) which resulted in formation of the darker color metmyoglobin (MetMb). [22] However, L* value increased not significantly with further oxidation, while a* value decreased significantly (p < 0.05) with the increased concentration of hydrogen peroxide. Meanwhile, b* remained unchanged regardless of the concentration of hydrogen peroxide. The increased MetMb% could lead to the discoloration of fresh meat. The retardation of the formation of MetMb could lead to a higher L* and a* values. [23] It is known that lightness (L*) is an achromatic color component. Fluctuations in the proportions of the forms of Mb in the surface layer of the meat had little effect on lightness (L*). The effect of the forms of myoglobin on redness (a*) depended mainly on the ratio between the amount of MetMb and MbO 2 , while their impact on yellowness (b*) depended mainly on the proportion of the amounts of reduced form (Mb), oxygenated (MbO 2 ), and oxidized (MetMb) forms. A greater impact on yellowness (b*) was exerted by fluctuations in the relative amount of MbO 2 than of MetMb. [24] Therefore, the color of meat was affected by the amount of myoglobin and the proportions of its forms, including MbO 2 , Mb, and MetMb. WHC and shear force of Sheldrake breast meat Moisture in muscle can be divided into free water and bound water. About 85% of the water is found in muscle cell (myofibrils); meanwhile, only a small part of the water is stored in muscle cell gap. [25] Figure 1a shows the WHC of the non-oxidized and oxidized Sheldrake breast meat. At low degree of oxidation, WHC of Sheldrake meat increased slightly (p < 0.05). However, when the concentration of H 2 O 2 increased from 15 to 30 mM, the WHC of Sheldrake meat decreased significantly from 61.08% to 49.81% (p < 0.05). Our results were consistent with previously reported findings by Delles and Xiong, [26] who observed that the ability of fresh muscle to retain endogenous water decreased when myofibrils were exposed to oxidizing agents. This might be due to the oxidation and subsequent aggregation of myosin and enlargement of the intercellular space appeared to contribute to the reduced WHC. Figure 1b shows the shear force of non-oxidized and oxidized Sheldrake breast meat. Increase in H 2 O 2 concentration from 0 to 10 mM resulted in decrease of shear force from 5.43 to 3.82 kgf suggesting that mild oxidation might improve meat tenderness. It is reported that a high amount of intra-myofibrillar water and a low amount of extra-myofibrillar water may be associated with more tender meat. Hence, decreased shear force may be related to water distribution and mobility in meat, increased WHC could lead to the tendency of tenderness improvement. [27] Nevertheless, shear force increased with further increase in H 2 O 2 concentrations from 10 to 30 mM. This is consistent with previously reported findings by Bao et al., [28] who found that increased oxygen concentration of modified atmosphere packaging (MAP) resulted in higher shear force in pork meat. Clausen et al. [29] showed reduced tenderness of beef in high-oxygen MAP accompanied by increased lipid and protein oxidation. Protein cross-linking has previously been suggested as a potential mechanism for oxygeninduced meat toughening. [30] Lagerstedt et al. [31] reported that high-oxygen MAP negatively influences shear force. Results from Bao et al. [28] suggested that the mechanism of oxygen-induced toughening of meat is through protein oxidation leading to cross-linking of structural proteins. Protein oxidation induces formation of cross-linking in structural proteins which resulted in increase of the mechanical strength and toughness of the meat.
Lipid oxidation
TBARS value increased significantly (p < 0.05) with concentration of H 2 O 2 (Fig. 1c) . This is not surprising as oxidation of the protein muscle resulted in formation of secondary oxidation products such as low-molecular-weight aldehydes, ketones, and fatty acids [32] . It is reported that oxidative reactions could be transferred between lipids and proteins in a reciprocal manner. [33] Zhang et al. [34] also suggested oxidizing lipids could promote protein oxidation, and consumption of oxidized oil was related to higher protein carbonyl content in breast meat of broiler chickens. Burcham and Kuhan [35] showed that incubation of model proteins with the lipid peroxidation product malondialdehyde resulted in a time-and concentration-dependent increase in carbonyl contents. Bao et al. [28] suggested that oxidizing lipids likely served as a pool of reactive species (such as lipid radicals, hydroperoxides, and aldehydes) that may have spread and expanded oxidation damage in the protein fraction.
Study 2
Effects of oxidation on chemical properties of MP Carbonyls are formed in proteins through four mechanisms: (1) direct oxidation of the side chains of amino acids; (2) covalent bonding to non-protein carbonyl compounds; (3) reaction of reducing sugar; and (4) cleavage of the peptide backbone. [36] Figure 2a content is one of the most reliable measures of protein oxidation. The most sensitive amino acids toward oxidation are heterocyclic amino acids. In addition, amino and phenolic groups of amino acids are susceptible to oxidation. Not only tryptophan, histidine, and proline but also lysine, cysteine, methionine, and tyrosine are prone to oxidation, where a hydrogen atom is abstracted from OH-, S-, or N-containing groups. [37] However, compared with other studies, [38, 39] the level of protein carbonyl values in our research was lower. The probable reason may be that Sheldrake meat protein has a lower content of heterocyclic amino acids, amino and phenolic groups of amino acids, or other sensitive amino acids, which are prone to oxidation. It is reported that formation of protein carbonyls was H 2 O 2 dose-dependent with low FeCl 3 (0.01 mM) concentration and the carbonyl contents in samples treated with high FeCl 3 (0.1 mM) concentration were approximately twofold higher than those treated with a low dose of FeCl 3 (0.01 mM) across the entire H 2 O 2 concentration range. [40] Therefore, the presence of high FeCl 3 would activate the generation of protein carbonyls.
During oxidation, sulfhydryl groups form disulfide bonds which are one of the indicators of protein oxidation. Figure 2b shows that total sulfur content decreased significantly (p < 0.01) with increased H 2 O 2 . Sulfhydryl value of fresh myofibril protein was 108.54 nmol/mg which was reduced to 32.48 nmol/mg after being treated in HRGS with 30 mM H 2 O 2 . A sharp decrease of the total SH content in the gel samples usually indicates the formation of S-S bond. [41] Therefore, the results demonstrated that the S-S bond plays a vital role in the oxidation of protein. Protein oxidation leads to exposure of some of the hydrophobic groups which enhanced protein surface hydrophobicity. Similarly, our findings showed that increased hydrogen peroxide content leads to increased protein surface hydrophobicity (Fig. 2c ). Figure 3 shows the WHC and textural properties of MP gels. WHC increased gradually and then decreased with H 2 O 2 concentration (p < 0.05), suggesting mild oxidation might improve the WHC of MP gel (Fig. 3a) . WHC of MP gels treated in HRGS with 5-10 mmol/L H 2 O 2 showed no significant difference. Meanwhile, MP gels treated in HRGS with 25-30 mmol/L showed a significant decrease in WHC (p < 0.05) in comparison with non-oxidized gels.
Effects of oxidation on textural properties and water holding capacity of MP gel
The hardness of MP gels increased gradually and then decreased with H 2 O 2 concentration (Fig. 3b , p < 0.05). The integrity of MPs is a key factor affecting gel properties. [41] The decrease in gel strength can be attributed to deterioration of the protein structure in MP gel. Similar findings were reported by Wang et al., [42] who found heat exposure decreased the gel strength of MP gels. Higher degree of protein denaturation resulted in higher exposure of the functional groups and subsequently hardness of the MP gels. Tabarestani et al. [43] suggested that weakened gel structures seen as lower hardness might be caused by the reduction of the formation of linkages between aggregated helices. Hardness is related directly to the strength of the gel structure under compression. On the other hand, springiness and cohesiveness of MP gels decreased with increased H 2 O 2 concentration (p < 0.05).
Effects of oxidation on protein structure of myofibrillar protein gel (MP gel) Figure 4 shows the Raman spectra of the non-oxidized and oxidized MP gels in the 500-550 cm −1 region. Bands in this region are assigned to disulfide and SH bonds. Nonoxidized MP gel showed a major band near 510 cm -1 and minor bands at the 516-530 and 535-545 cm -1 regions (Fig. 4) . Band located near 510 cm −1 , which is the all-gauche conformation, can be assigned to cysteine-containing protein. [44] Intensity of the band at 510 cm −1 decreased gradually with increased H 2 O 2 concentration which almost disappeared at H 2 O 2 concentration of 15 mM. Meanwhile, bands located at 516-530 and 535-545 cm -1 have been assigned to disulfide bonds in the gauche-gauche-trans and trans-gauche-trans conformations, respectively. [44] Intensity of the band assigned to gauche-gauche-trans conformations increased with H 2 O 2 concentration (<15 mM). Meanwhile, intensity of the band assigned to trans-gauche-trans conformations remained unchanged with H 2 O 2 concentration. Our findings are consistent with that of Bouraoui, [45] who also observed increment in the relative intensity of band near 530 cm −1 in cooked codfish. It is concluded that heat treatment during cooking caused changes in disulfide bond stretching or aliphatic chain vibrations and formation of gauche-gauche-trans disulfide bonds. Figure 5 shows the deconvoluted and curve-fitted Raman bands of amide I in oxidized and non-oxidized MP gels. In non-oxidized MP gel, amide I band was centered at 1654 cm -1 (Fig. 5 ) with a relative content of α-helix and β-sheet structures of 48.27% and 27.21%, respectively (Fig. 6a ). Protein oxidation induced formation of β-sheet structures, which was confirmed by shift of the major band to 1657 cm -1 (Fig. 5 ). Increase in H 2 O 2 concentration up to 30 mM resulted in only 26.59% of α-helix structure indicating changes in protein secondary structures upon oxidation. Decreased α-helix structure coupled with increased β-sheet, β-turn, and random coils structures indicated protein unfolding upon oxidation. Decreased α-helix suggested the aggregation of MPs, [46] while increased α-helix content at low degree of oxidation indicated reorganization of protein structures. Figure 6b shows the normalized band intensity (760 and 1340 cm -1 ) and I 850 /I 830 intensity ratio of oxidized and non-oxidized MP gels. Normalized band intensity at 760 and 1340 cm -1 decreased with increased H 2 O 2 concentration indicating exposed tryptophan residues. [47] This is consistent with aforementioned findings on increased protein surface hydrophobicity with H 2 O 2 concentration. The doublet bands located near 830 and 850 cm −1 are assigned to the Fermi resonance ring of tyrosine residues. Ratios of I 850 /I 830 are useful in monitoring the microenvironment around tyrosyl residues. I 850 /I 830 values of 0.7-1.0 indicate tyrosine residues are buried within the protein network. Meanwhile, I 850 /I 830 value of greater than 1.0 indicated exposed tyrosine residues. [48] Non-oxidized MP gel had an I 850 /I 830 value of 1.17 indicating exposed tyrosine residues. I 850 /I 830 value decreased with increased H 2 O 2 concentration indicating buried tyrosine residues upon oxidation.
Statistical test was done to analyze the correlation between H 2 O 2 concentration with protein secondary structures and between protein secondary structures with physical properties of MP gels. H 2 O 2 concentration showed negative and highly significant correlation with α-helix and β-sheet structures (p < 0.01). Moderate amount of H 2 O 2 led to α-helix unfolding and changes of protein secondary structures to β-sheet structure. Significant positive correlation was found between β-sheet structure and textural properties of MP gel. Positive and highly significant correlation was found between the content of β-turn and random coil structures with H 2 O 2 concentration. Excessive amount of H 2 O 2 may destroy the β-sheet conformation forming β- Figure 4 . Raman spectra (500-550 cm -1 region) of non-oxidized (a) and oxidized MP gels treated with different HRGS (5 mM H turn and random coil structures. A negative correlation was found between random coil structure and WHC of gels.
Conclusion
Oxidation of Sheldrake meat resulted in changes in protein secondary structures. Upon oxidation, Sheldrake meat and MP gel demonstrated decreased WHC and increased meat toughness. Furthermore, it darkened the color of Sheldrake breast meat. Raman spectra showed protein oxidation resulted in protein unfolding, decreased α-helix structure, and increased β-sheets, βturns, and random coils structures. In addition, protein oxidation also caused changes in physical and functional properties of Sheldrake meat. Proper methods should be developed to control protein oxidation of Sheldrake breast meat in order to preserve the good organoleptic properties. 
